Through the use of X-ray diffraction (XRD) and other diagnostics, the fundamental physical mechanisms of scuffing are becoming better understood. Peak broadening in the XRD pattern has been analyzed to determine the dislocation structure and crystallite size. Evidence from this technique has led us to conclude that scuffing is an example of adiabatic shear instability, wherein work hardening is exceeded by the thermal softening caused by the work. We are extending this research through scuff testing and XRD of nonferrous materials. For example, members of our team have recently found frictional behavior and surface morphologies consistent with scuffing in single crystals of MgO.
INTRODUCTION
Scuffing is a design-limiting failure mode in highload, high-sliding-speed systems such as drive gears. It is characterized by a rapid transition from a moderate to a high friction coefficient, surface roughening, and sometimes seizure. Recently, the present authors and others have developed a theory attributing scuffing to adiabatic shear instability [1] and have supported the theory with data from XRD peak broadening [2] . Scuffing was associated with an order-ofmagnitude increase in dislocation density, a decrease in the homogeneity of the dislocation distribution (i.e., dislocation cell structure formation), and a decrease of crystallite size to the nanocrystalline regime [2] . In addition, the presence of austenite, a nonequilibrium phase, was detected in scuffed SAE 4340 steel [3] . In the present work, a nonequilibrium phase has also been found in nickel subjected to the same tribological treatment. The XRD peaks observed are consistent with two phases: hexagonal nickel and nickel carbide.
EXPERIMENTAL PROCEDURES
Samples of commercially pure (99%) Ni were cut to approximately 50 mm x 25 mm x 6 mm and ground to roughness R a = 0.2 µm. Tribological tests were performed in a Cameron-Plint high-frequency reciprocating rig modified to allow translation of the sample in a direction perpendicular to the direction of reciprocation [4] . Pure polyalphaolefin oil with kinematic viscosity of 10 cSt at 100ºC was used, and the counterfaces were polycrystalline aluminum oxide balls with diameter of 9.5 mm. The tests were performed at 500 revolutions per minute. Load was increased by 44.5 N every 60 s, while the sample was translated continuously at a rate of 1.5 mm per 60 s. The result was a rectangle of worn material with wear under low loads at one end and wear under high loads at the other. This approach has been shown to reproduce typical scuffing behavior in steels [4] . After the tests, optical surface profiles of the aluminum oxide counterfaces revealed no transfer film or grain pullout.
X-ray diffraction experiments were performed on beamline 12-BM at the Advanced Photon Source (APS) at Argonne National Laboratory. A wavelength of 0.061989 nm was used, and instrumental broadening of the peaks was negligible. A fixed incident angle of 8.0 degrees limited penetration of the beam to the top approximately 5 µm of material. The beam width was 0.7 mm.
RESULTS
The friction coefficient and applied load during a tribotest are shown in Fig. 1 . During the 133.5-N load step, the friction coefficient increased from 0.09 to 0.13. The translation of the sample formed a 0.75-mm wide area where friction had been low and a 0.75-mm wide area where friction had been high. These areas were subsequently analyzed with X-rays. Figure 2 shows part of that XRD data. The dashed vertical lines indicate three peaks (at 2θ = 15.76º, 16.55º, and 22.90º) that are in the high-friction area but not the low-friction area. Dislocation density and arrangement and crystallite-size distribution parameters (not shown) were also calculated from the line broadening of the Ni face-centered cubic (fcc) peaks. A 3D optical profile (not shown) of the low-and high-friction areas was collected in the center of the reciprocating track. Fine scratching was visible in the reciprocating direction in the high-friction area but not in the low-friction area. The rapid friction increase shown in Fig. 1 is consistent with scuffing failure in Ni. However, the fine-scale scratching observed in the high-friction area, and in areas worn at higher loads, suggested abrasion. In comparison, scuffed steel surfaces typically show evidence of gross plasticity.
In the high-friction area, the locations of the three XRD peaks were compared to locations expected, based on the International Centre for Diffraction Data (ICDD) database, for phases potentially present. The observed peaks were consistent with only two phases: hexagonal nickel (ICDD # 89-7129) and nickel carbide (Ni 3 C, ICDD # 72-1467). The major peaks of these two phases are almost identical in intensity and position. Several much less intense peaks are predicted in the diffraction pattern from Ni 3 C, but not that of hexagonal Ni. The signal-tonoise ratio in this work was not sufficient to detect these peaks; therefore, whether the additional phase in the high-friction area was Ni 3 C or hexagonal Ni could not be determined from the available XRD evidence.
The frictional transition was accompanied by not only a refinement of crystallite size, but also a factor of two decrease in dislocation density and a significant increase in the homogeneity of the dislocation distribution (M). This finding is inconsistent with previous results on steel samples, where scuffing failure was associated with an order of magnitude increase in dislocation density and a factor of two to three decrease in M [2] .
These findings are best explained as the result of a phase transformation occurring without adiabatic shear instability. The degree of plasticity, high strain rates, and high local temperatures, while not comparable to those achieved during scuffing, may have been sufficient to form hexagonal nickel or Ni 3 C. Once formed, the additional phase may have been more resistant to deformation than fcc Ni and, therefore, caused abrasion of the surface as a third body.
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